An Oligocene magnetostratigraphy from ODP Sites 1218 and 1219 (Equatorial Pacific) has been obtained by measurements made on u-channel samples, augmented by about 221 discrete samples. U-channel samples were measured at 1 cm intervals and were stepwise demagnetized in alternating fields (AF) up to a maximum peak field of 80 mT. The magnetization directions were determined at 1 cm intervals by principal component analysis of demagnetization steps in the 20 to 60 mT peak field range. A similar treatment was carried out on the discrete samples, which confirmed the results obtained with u-channel measurements. Sites 1218 and 1219 were precisely correlated based on multisensor track, paleontological and shipboard magnetostratigraphic data; this correlation is substantiated by u-channel measurements. Although the magnetostratigraphy obtained from the u-channels is similar to the interpretation deduced from shipboard measurements based on blanket demagnetization at peak AF of 20 mT, the u-channel results are substantially more robust since many interpretative uncertainties are resolved by the stepwise demagnetization and higher stratigraphic resolution. The temporal resolution of u-channel-based magnetic stratigraphy in the Oligocene section of Sites 1218 and 1219 is better than 5 kyr, and it is therefore suitable for detection of brief polarity subchrons. However, in spite of the high resolution, we did not find any reversals corresponding to the numerous cryptochrons identified in this time span by Cande and Kent [S.C. Cande, D.V. Kent, Revised calibration of the geomagnetic polarity time scale for the Late Cretaceous and Cenozoic, J. Geophys. Res. 100 (1995) 6093-6095].
Introduction
Ocean Drilling Program (ODP) Leg 199, bThe Paleogene Equatorial TransectQ (Sites 1215 through 1222), was designed to study the evolution of the equatorial Pacific current and wind systems, as the Earth went from maximum Cenozoic warmth to initial Antarctic glaciations [2] . The drilling program was primarily devoted to collecting samples along a transect on 56-to 57-Ma crust, which is old enough to capture the Palaeocene/ Eocene boundary in the basal, more carbonaterich, sediments.
Sediment cores from Leg 199 were recovered using the ODP advanced piston corer (APC) and undisturbed sediments that retain an excellent record of the past Earth's magnetic field were obtained [3, 4] . Our data can be used to reconstruct geomagnetic reversal history, thereby providing an age model and a tool for regional and global correlation. The APC coring was effective for sampling these unconsolidated sediments with minimum disturbance; moreover it allowed the cores to be azimuthally oriented for recovery of paleomagnetic declination information. Core orientation is essential to identify the magnetic polarity at near-equatorial latitudes where the paleomagnetic inclination is close to horizontal for both normal and reverse polarity intervals.
Cores from Sites 1218 and 1219 are the targets of this study. The upper 100 m of ODP Site 1218 gave a detailed magnetostratigraphy of the entire Miocene [3] and demonstrated that it is possible to resolve polarity chrons as short as 5-10 kyr. In the Oligocene part of the section, the sediment accumulation rate was higher than in the Miocene and allows us to obtain an even higher temporal resolution. Therefore, besides providing an important dating and correlation tool, the high-resolution reversal record from Sites 1218 and 1219 gives detailed information about the behaviour of Earth's magnetic field. The Oligocene, in particular, constitutes an interesting time interval because of the presence of many apparently short polarity beventsQ that have been hypothesized based on low amplitude (25-100 nT), short wavelength (8-25 km) sea surface magnetic anomalies measured over fast spreading oceanic crust. These small features, dubbed btiny wigglesQ by LaBrecque et al. [5] , can be correlated among ocean basins and have been recognized as a high-resolution record of the paleomagnetic field [6, 7] . Their origin is uncertain since they can be interpreted either as periods with low paleointensity and/or as short polarity chrons. In acknowledgement of their uncertain origin, they have been referred to as bcryptochronsQ [8] .
The origin of cryptochrons remains controversial. Although a few tiny wiggles have been recognized as true polarity subchrons, such as the Cobb Mountain subchron [9, 10] and the Réunion subchron [11, 12] , the origin of many of them remains elusive. Lanci and Lowrie [13] proposed that they do not represent brief polarity chrons based on magnetostratigraphic results in chrons C13n to C16n from the Massignano section (Italy). One (of three) cryptochrons within C13r appears as a brief polarity subchron (C13r.1n) in ODP Site 1090 in the South Atlantic [14] . Three cryptochrons were interpreted to correspond to brief subchrons within Late Miocene Chron C5n.2n [15] [16] [17] . However, Krijgsman and Kent [18] found the same 3 features recorded in single samples in Deep-Sea Drilling Project Site 608 in the North Atlantic and interpreted them as directional excursions, most likely associated with decreases in paleointensity. These brief subchrons have not been recognized in other magnetostratigraphic records covering the same stratigraphic interval [19] .
To identify very short polarity intervals, continuous and undisturbed sedimentary records are needed, such as those of ODP Sites 1218 and 1219. A relatively large number (18) of cryptochrons are reported in the GPTS from Cande and Kent [1] (hereafter referred to as CK95) to occur in the time span considered in our study of chrons C6Cr to C13n. The durations of the hypothetical polarity intervals associated with the btiny wigglesQ have been estimated at around 20 kyr [8] ; thus, if cryptochrons represent short polarity subchrons it should be possible to detect them in the records from Sites 1218 and 1219. We present data from the lower 100 m of APC cores from Site 1218, that combined with about 30 m of APC cores from Site 1219, provide a high-resolution record of Oligocene geomagnetic reversal stratigraphy.
Materials and sampling

Drilling sites
ODP Site 1218 (8853.378VN, 135822.00VW, water depth of 4811 m) is situated on a basement swell 300 km north of the Clipperton Fracture Zone in the central tropical Pacific [2, 3] (Fig. 1) . Site 1219 (7848.02VN, 14280.94VW, water depth of 5063 m) is the southernmost site drilled during Leg 199 and is located about 750 km from Site 1218. Only two holes were drilled at this site. Hole 1219A was cored using the APC to about 225 m below sea floor (mbsf), recovering sediments suitable for magnetostratigraphy from the Lower Oligocene and Upper Eocene and including the Eocene/Oligocene boundary. Hole 1219B was aborted when an APC core jammed in the bottom-hole assembly at about the depth of the Eocene/Oligocene boundary (~155 mbsf) and hence the sediment record from Site 1219 below this depth is not complete due to core gaps.
Nevertheless, Site 1219 could be correlated to Site 1218 by means of shipboard magnetostratigraphic and multi-sensor track physical properties data [2, 20] .
The Pleistocene and Miocene sediments at Site 1218 comprise two main sedimentary units [2] . The upper 59 m consists of a Pleistocene to Middle Miocene brown clay unit with some nannofossils and occasional barren intervals [2, 3] . This upper clay unit is mostly made of wind-blown dust, clays, and radiolarians, some of which were reworked from older outcropping sediment. Below this brown clay unit, from 59 to 242 m composite depth, the section comprises nannofossil ooze and chalk of Lower Miocene-Oligocene age, which is the subject of this paper.
The A composite section was constructed shipboard using core-logging data to correlate the cores drilled at Sites 1218 and 1219 and to scale them according to meters composite depth [2] . A revised splice of these sites has been recently compiled that also incorporates shipboard magnetostratigraphic data [20] . The mapping of Site 1219 to Site 1218 results in relative sedimentation rates at Site 1218 that are about 16% higher than at Site 1219 over the Oligocene interval [2] . The revised mcd scale from Pälike et al. [20] (also referred as rmcd) has been used in this paper with small changes restricted to relative to the core top, to unequivocally identify each level.
Magnetic measurements
The Oligocene magnetostratigraphy reported here is based on a total of 76 u-channel samples from Site 1218 and 32 u-channel samples from Site 1219 that were collected at the Gulf Coast Repository at Texas A&M University. Each u-channel sample is nominally 1.5 m in length and 2 Â 2 cm in cross-section. About 188 discrete samples (7 cm 3 of sediment in plastic cubes) from Site 1218 and 33 samples from Site 1219 were AF demagnetized and measured to corroborate the u-channel data.
Magnetic mineralogy
The magnetic mineralogy of the sediments was studied using isothermal remanent magnetization (IRM) acquisition curves and subsequent thermal demagnetization of orthogonal components [21] . IRMs were progressively acquired up to a maximum field of 1.5 T in representative samples from Site 1218 (Fig. 2a) and Site 1219 (Fig. 2b and c) . The saturation IRM is comparable among the different sites and has a relatively small variability, thus suggesting a low variability of magnetic minerals concentration. With the exception of the upper 7 m section from Site 1219 (Fig. 2c) , IRM acquisition curves are very similar in both sites and are characterized by a predominant low coercivity mineral fraction, which saturates in fields less than 150 mT. After IRM acquisition, we applied three orthogonal magnetizations using fields of 1.5, 0.4 and 0.2 T and subjected the samples to progressive thermal demagnetization. We consider only the low coercivity (H b 0.2 T) and the high coercivity (H z 0.4 T) fractions disregarding the intermediate coercivity component that, in this case, does not give any additional information. Thermal demagnetization of orthogonal IRM ( Fig. 2d and e) shows that virtually all the IRM is carried by the low coercivity fraction H b 0.2 T, which has an unblocking temperature between 550 and 600 8C as expected for magnetite. Samples from the upper part of the Site 1219 section show noticeably different magnetic properties ( Fig. 2c and f) that are characterized by lower IRM values and, sometimes, by the presence of a significant fraction of high coercivity minerals that do not saturate at the maximum applied fields. Thermal demagnetization of some of these samples shows that the high coercivity component has an intermediate unblocking temperature of about 400 8C, which suggests the presence of iron sulphides. Except for these samples, the rock magnetic properties of Oligocene samples are virtually identical to those of the Miocene section of Sites 1218 [3] , and indicate that the main magnetic carrier is magnetite.
NRM measurements
The natural remanent magnetization (NRM) of u-channel samples was measured at 1-cm intervals and was subjected to progressive alternating field (AF) demagnetization [22] . The measurement spacing was designed to identify cryptochrons and to recognize brief polarity chrons not reported on the standard GPTS. U-channel measurements were made on a 2G Enterprises DC-SQUID pass-through cryogenic magnetometer at the University of Florida. Discrete samples and rock magnetic analyses were measured at the Lamont-Doherty Paleomagnetics Laboratory and at the Alpine Laboratory of Paleomagnetism at Peveragno (Italy). Demagnetization techniques and procedures are similar to those described for the Miocene section of Site 1218 [3] . Discrete samples were AF demagnetized at the same steps used for the u-channel samples.
NRM intensities in the nannofossil ooze at Site 1218 are about 1 Â10 À 3 A/m. The NRM intensities of sediments at Site 1219 are similar except for cores 1219B-12H-1 to 1219B-12H-3, in the upper 7 m of the sampled interval, where intensities are particularly weak (2-5 Â 10 À 5 A/m). These intensities are significantly lower than those measured in the upper brown clay unit but they are still well above the background noise level of the DC-SQUID magnetometer.
Paleomagnetic directions
AF demagnetization of the NRM was effective in the majority of the measured samples. Typical orthogonal vector plots [25] for the Oligocene section of Sites 1218 and 1219 are illustrated in Fig. 3 . A low-coercivity component, which can be generally removed after AF demagnetization at 10-20 mT, was found in all samples. This component has usually a steep downward direction. At these sites, the attempt of using the declination of the viscous component of NRM to confirm azimuthal orientation of the cores was not successful because we could not define a consistent declination of the low-coercivity component, which may represent a drilling-induced remanence. A linear trend pointing generally toward the origin of the plot is isolated by subsequent demagnetization up to the maximum peak AF of 80 mT. This component is interpreted as the characteristic remanent magnetization (ChRM). As already observed in the Miocene section of Site 1218 [3] , most of the demagnetization trajectories systematically bypass the origin (equivalent to the presence of a small residual high-coercivity component with a steep downward direction). The origin of this component is attributed to a spurious anhysteretic remanence acquired during AF demagnetization [3] ; alternatively it could represent an overprint acquired during storage in the core repository [23] . The presence of this small spurious component could induce a proportionally small bias in the ChRM inclination but it has a negligible effect on virtual geomagnetic pole (VGP) latitude and interpretation of the magnetostratigraphy.
The ChRM directions were calculated from 6 to 8 AF demagnetization steps in the range from 20 mT to 60 mT using principal component analysis [24] . The quality of the measurements and the linefitting (without anchoring to the origin) was evaluated by visual inspection of the orthogonal vector plots and by calculating the maximum angular deviation (MAD). MAD values are generally low, indicating high data quality; mean MAD is 4.28 F 2.48 at Site 1218 and 2.78 F 1.48 at Site 1219. Only a small percentage of samples (2.9% at Site 1218 and 1.6% at Site 1219) have MAD values larger than 158, which in most cases are associated with polarity transitions and hence could be a consequence of the low NRM intensity and/or rapidly changing directions over these intervals. ChRM directions were azimuthally corrected for core orientation, as obtained from the tensor tool; core orientation methods and related problems are described in Lanci et al. [3] .
ChRM directions (declination and inclination), MAD angles, VGP latitudes from u-channel and from shipboard measurements are plotted versus core depth (rmcd) in Fig. 4a and b (Site 1218) and in Fig. 4c, (Site 1219) . As expected at these sites for the Oligocene, [26, 27] , the ChRM inclinations are shallow and are practically indistinguishable from zero, which indicates deposition at equatorial paleolatitudes. High inclinations occur locally during polarity reversals possibly due to transitional directions; other anomalously high inclinations are usually associated with large MAD values.
An interval with anomalous ChRM directions was found at Site 1218 from about 126.5 to 128.5 rmcd (Fig. 4a) . Both declinations and inclinations in this interval are inconsistent with the expected values and with measurements from adjacent samples (Fig. 5) . The same problem was also observed in shipboard measurements from Holes A, B and C and in one ig. 5. Details of ChRM directions in Chron C8n. The grey band highlights anomalous directions that do not seem to be related to geomagnetic field behaviour but rather to sediment disturbance. The short reversed polarity interval in chron C8n.1n is also visible at about 121 rmcd. discrete sample taken within this interval. We suggest that the origin of these anomalous directions is related to sediment disturbance. The different thicknesses of the disturbed interval among Holes A, B and C (Fig.  4a) and the rotated declinations with small changes in the inclinations, indicate rotated blocks of sediment and suggest the occurrence of a submarine slide in the sedimentary record.
The only exception to the uniform behaviour of samples from Site 1219 was found in the upper 7 m of the section sampled at Site 1219. Sediments in this interval are characterized by low NRM intensity (about 9 Â 10 À 5 A/m on average) and by the presence of high coercivity minerals, which are interpreted as iron sulphides (Fig. 2c and f) . Sample 1219B-12H-3, 138.0 cm in Fig. 3 is an example of demagnetization behaviour from cores 1219B-12H-1 to 1219B-12H-3. Although in this particular sample the ChRM direction can be estimated, in most cases the ChRM direction is not well defined because of low NRM intensity and high coercivity of the magnetization. For this reason we discarded results from these three core sections (highlighted with the grey band, from~128 to 134 rmcd in Fig. 4a ) from the magnetostratigraphic interpretation.
ChRM directions are plotted in equal-area projections in Fig. 6 . They are well grouped in two antipodal clusters; the few intermediate directions can be attributed to polarity transitions and, at Site 1218, to the anomalous directions between 126.5 and 128.5 rmcd. Mean directions, which were computed separately for normal and reversed polarity populations, and associated Fisher statistics [28] , are shown in Table 1 . The mean directions are within 58 of being antipodal at both sites but fail a reversal test because of the small a 95 confidence angle related to the large number of samples. Also, failure to pass the reversal test is partly due to declination scatter (especially at Site 1218), which can be a consequence of the low resolution of the inclinations using the method of McFadden and Reid [29] , thus disregarding any problem of azimuthal core orientation, do not significantly differ from the standard Fisher means ( Table 1) . As discussed in Lanci et al. [3] , the small bias toward negative inclinations, observed here, may be related to a spurious high-coercivity downward component recognized in the vector plots.
Discussion
Magnetostratigraphy
The VGP latitudes for Sites 1218 and 1219 are shown in Fig. 7 , where they are compared with the GPTS of CK95. It should be noted that depths for Site 1219 were stretched in order to correlate the two sites by matching the length of Chron C12n measured in uchannel samples, from Site 1219, and from discrete samples, in Site 1218. This simple correlation, based only on the magnetostratigraphic results, is adequate for this paper and there was no need to transform the site depths to a common scale. With the exception of the short reversed polarity interval within Chron C8n.1n at 121 rmcd, all reversals found in the sedimentary record are consistent with CK95, providing an unambiguous correlation that is supported by biostratigraphic data [2] . The age-depth curve (Fig. 8) is smooth with slowly varying sedimentation rates. The average sedimentation rate for the Oligocene section at Site 1218 was about 14 m/Myr (Fig. 8) , which is significantly higher than that of the Miocene section at the same site [3] , which is also plotted for reference. The sedimentation rate during the Early Oligocene at Site 1219 was about 11.5 m/Myr.
The Oligocene/Miocene boundary in Site 1218 is placed at about 96 rmcd at the onset of chron C6Cn.2n in accordance with the criteria proposed by Berggren et al. [30] , and ratified by Steininger et al. [31] of Chron 13r at about 174 rmcd near the base of the section sampled with u-channel at Site 1219. Both boundaries are placed by correlation with the GPTS. The positions of the geomagnetic reversals recognized in Fig. 7 are listed in Table 2 using the depth (rmcd) estimates and the standard ODP notation (Hole-Core-Section and position from top of the section) to unequivocally identify the position of the reversal in the core. The range given in Table  2 indicates either the presence of a gap in the sedimentary record or the presence of transitional directions.
Comparison with shipboard results and site 1220
The u-channel-based magnetostratigraphy shows generally good agreement with the shipboard-based results (Fig. 4a,b,c) and the overall interpretation of the magnetic stratigraphy [2] is not changed by the new data. However, compared to shipboard measurements, which are based on blanket demagneti- zation at peak fields of 20 mT, the new data are more robust and have higher resolution. The higher spatial resolution of u-channel data results from the closer measurement steps and from the narrower response function of the u-channel pass-through magnetometer compared to the shipboard passthrough magnetometer that was designed for measurements of whole and half cores. Polarity transitions are sharp in u-channel measurements and occur mostly within 1-3 cm stratigraphic intervals compared to the 10-15 cm intervals estimated from shipboard measurements. Stepwise demagnetization and PCA analysis have greatly improved the reliability of the magnetostratigraphy and resulted in removal of many spurious measurements. In Chron C12r, for instance, the shipboard-VGP latitude values are much noisier than the results from u-channel measurements (Fig. 4c) .
Comparison of the reversal polarity sequence from Sites 1218/1219 with the nearby Site 1220 [4] is straightforward. All the major features of the GTPS are found at both sites with the sole exception of Chron C7n.1n, which was not found in Site 1220, and they can be easily correlated (Fig. 9) . Despite the similar magnetostratigraphy, lithology and sedimentation rate constitute important differences between the two sites. The siliceous sedimentation at Site 1220 has an average sedimentation rate of about 5 m/Myr, which is significantly lower than the average of 13 m/Myr at Sites 1218/1219 and constituted a major limitation in searching for shortlived polarity chrons at Site 1220. A theoretical model of post-depositional remanent magnetization from Roberts and Winklhofer [32] has shown that the probability to record short polarity chrons is strongly dependent on sedimentation rate. This model applied to the sedimentation rate of Site 1220 suggests that even under the best conditions (i.e., with a median lock-in depth of 10 cm), this site may be unable to record polarity reversals shorter than about 20 kyr, which could explain why no new short polarity chrons were found at this site [4] .
Short polarity chrons and cryptochrons
One short polarity interval, which is not reported in the GTPS of Cande and Kent [1] , has been identi- fied at Site 1218, within Chron C8n.1n at a depth of about 121.2 rmcd. Details of ChRM directions recorded in this short polarity chron are shown in Fig. 10 ; although the MAD values are larger than 158, the vector component plots suggest that a nearly complete polarity reversal occurred. The thickness of this short polarity chron is about 12 cm; based on the assumption of a constant sedimentation rate within Chron C8n.1n, and taking the duration of Chron C8n.1n from CK95, its duration is estimated to be about 7.5 kyr. We are not aware of any other record that can be correlated with this short subchron, therefore it remains to be confirmed whether it represents a real geomagnetic feature or a local sedimentological artefact.
Cryptochrons have been recognized and correlated in many marine magnetic anomaly profiles and are thus thought to represent true features of the main dipole field. In the record from Sites 1218 and 1219, none of the 18 cryptochrons reported by Cande and Kent [8] between chrons C6Cn and C13n corresponds to polarity subchrons; the only new polarity subchron found was the short reversed polarity interval within Chron C8n.1n. According to Cande and Kent [1, 8] have the demonstrated capability to resolve polarity zones of only 5 cm in thickness [3] , which at the average sedimentation rate for these sites translates to the ability to resolve polarity zones with a duration of about 3.5 and 4.5 kyr at Sites 1218 and 1219, respectively. Such a resolution limit is in reasonable agreement with the prediction from theoretical modelling of post-depositional remanent magnetization [32] and it is significantly lower than that estimated from nearby ODP Site 1220.
Conclusion
Overall, the paleomagnetic record from Site 1218 combined with that of Site 1219 provides a detailed magnetostratigraphy for the entire Oligocene. The magnetostratigraphy is seemingly complete, with only minor gaps in the sedimentary record, and it correlates well with the reversal record from marine magnetic anomalies (CK95). Unambiguous correlation of the magnetostratigraphy to the geomagnetic polarity time scale (CK95) allows robust dating of the sedimentary sequence at the studied sites, which will provide the basis for further refinements based on cyclostratigraphy and astrochronology.
Despite the high resolution of the Site 1218/1219 magnetostratigraphic record, no short polarity chrons have been found that can be related to the cryptochrons reported in the CK95 time scale. The magnetostratigraphy at Site 1218 indicates that these sediments are able to resolve polarity intervals as short as 4-5 kyr [3] . Only a single short polarity subchron is found in the Oligocene section of Site 1218 (within Chron C8n.1n), which has an estimated duration of about 7.5 kyr, but requires confirmation. Based on our observations, we conclude that if cryptochrons in the Oligocene do represent geomagnetic polarity chrons, their duration must be less than~5 kyr.
